The most obvious phenotype of Ft/1 mice is a syndactyly of fore limbs characterised by a fusion of the tips of digits 1 to 4. The tempospatial expression of genes involved in limb development revealed that patterning of Ft/1 limb buds is not affected by the mutation. However, an upregulation of Bmp4 in the anterior-distal region of the limb bud at d12.0 of embryonic development is accompanied by a loss of Fgf8 expression in the distal part of the AER. Downstream target genes of Bmp action such as Msx1 and 2 are upregulated. This induction of the signalling cascade indicates ectopic expression of functional Bmp4. Nevertheless, analysis of physical parameters of bones from adult mice revealed a reduction of the bone mass of the autopod. The data suggest a negative effect of Bmp4 on Fgf8 expression and a positive in¯uence on the induction of bone elements. q
Introduction
Vertebrate limb development is initiated by proliferation of lateral plate mesoderm at certain axial levels of the embryonic body. Signals from this rapidly proliferating tissue then induce the ectoderm at the tip of the limb buds to form the apical ectodermal ridge (AER), a specialised ectodermal structure that becomes essential for further outgrowth and patterning of the limb bud (Saunders and Gasseling, 1968) . Several genes have been identi®ed to mediate the signals necessary for initiation, outgrowth, patterning and differentiation of the limb (for review, see Schwabe et al., 1998) .
Members of the Fgf and Bmp gene families are important factors for the epithelial±mesenchymal interactions occurring during limb development. They are expressed in signalling tissues as the AER and the progress zone, the mesenchyme underlying the AER, and later on in limb development in the condensations and the interdigital web. Expression studies and classical transplantation and bead implantation experiments, mainly done in chicken, have been partly successful in unravelling the functions of these factors in limb development (for review, see Schwabe et al., 1998) .
Fgf signals are essential for initation, growth and patterning of the developing limb (for review, see Martin, 1998) . Some of the family members namely Fgf2, Fgf4 and Fgf8, are capable of completely substituting for the function of the AER. Beads soaked in Fgf2 or 4, were able to induce the formation of complete, more or less morphologically normal limb buds when implanted in the¯ank of chick embryos (Fallon et al., 1994; Vogel et al., 1996) . Furthermore, Fgfs are important for the maintenance of the zone of polarising activity (ZPA), a signalling centre that mediates anterior±posterior information (Laufer et al., 1994; Vogel and Tickle, 1994; Crossley et al., 1996) . Experiments performed in chicken have made the mesenchymal factor Fgf10 a good candidate for being an endogenous initiator of limb development (Ohuchi et al., 1997) . Recent ®ndings have veri®ed this model as Fgf10 de®cient mice show a complete absence of fore and hindlimbs (Min et al., 1998; Sekine et al., 1999) . Cell proliferation studies have demonstrated that FGFs are mitogens for the limb bud mesenchyme; for example, ectopic expression of Fgf2 in the anterior region of the wing bud causes strong proliferation of mesenchymal cells (Riley et al., 1993) .
Certain Bmp family members, as Bmp2, -4 and -7, are also expressed in the AER early in limb development and additionally in the underlying mesenchyme, where they possibly act to control proliferation and signalling to the progress zone (Hogan, 1996) . Later on, the expression of Bmps is more con®ned to the chondrogenic condensations and the interdigital web. The late function of Bmps is highly dependent on their tempospatial expression in the limb bud as they can promote either differentiation of the mesenchymals cells to the chondrogenic line or programmed cell death (Yokouchi et al., 1996; Buckland et al., 1998) .
There are some hints that the expression of Fgfs and Bmps is mutually dependent. Ectopic expression of Bmp2 in the anterior part of the limb bud, for example, can induce Fgf4 in the AER and Hoxd13 in the mesenchyme . Vice versa, there is evidence that Fgfs are required, in conjunction with Shh, to activate the expression of Hox genes and Bmp2 (Francis et al., 1994; Laufer et al., 1994) . The generation of null mutations of Bmp2 and 4 did not help to unravel the role of these factors in mouse limb patterning as embryos die early in gestation (Winnier et al., 1995; Zhang and Bradley, 1996) . Mice homozygous for a null allele of Bmp7 show uni or bilateral hind limb preaxial polydactyly (Luo et al., 1995) suggesting that Bmp7 normally restricts cell proliferation in the developing limb. Bead implantations and in vitro culture of chicken limb buds revealed that Fgf and Bmp have antagonistic effects in shaping the limb by controlling apoptotic events and chondrogenesis (Niswander and Martin, 1993; Buckland et al., 1998; Merino et al., 1998) . Moreover there is evidence from tooth bud formation that Bmps and Fgfs are acting antagonistically to provide positional information (Neubu Èser et al., 1997) . All these results point towards a tightly regulated interaction of Fgfs and Bmps that may play an important role in mediating the interactions between the AER and mesenchyme during limb patterning.
The most prominent feature of heterozygous Fused toes (Ft) mice (van der Hoeven et al., 1994 ) is a syndactyly of the fore limbs characterised by a fusion of the most distal parts of digits 1±4 (Fig. 1) . Several molecules have been implicated in the morphogenetic phenomenon of syndactyly. Amongst these are morphogenes, transcription factors and a ligand of the Notch pathway (Chan et al., 1995; Zakany and Duboule, 1996; Sidow et al., 1997; Bushdid et al., 1998; Jiang et al., 1998; Johnson et al., 1998) . We have used Ft mice to study the molecular mechanisms underlying the processes leading to the syndactyly phenotype. It is mainly characterised by a strong misexpression of Bmp4 in the distal anterior region of the limb bud and a loss of distal Fgf8 expression.This result supports the importance of coordinated and ®ne tuned interactions of Bmp4 and Fgf8 in limb development. Furthermore, it positions the Ft mutation upstream of these factors.
Results

The Ft mutation does not affect patterning of limbs
To identify the factors responsible for the syndactyly phenotype of Ft mice we have analysed the expression of several genes involved in axis formation and patterning during limb development in wild type (wt) and Ft/1 forelimbs in embryos between d11.5 and d12.5 post coitum.
The expression markers are clustered according to their function. The ®rst group is involved in the determination of the anterior±posterior (a-p) axis. Within the posterior mesenchyme lies the ZPA, which produces Shh as a soluble signal regulating anterior±posterior polarity. The expression of Shh was not found to be different between wt and Ft/1 embryos (data not shown). Ihh, another member of the hedgehog family that may substitute for Shh function in some cases (Yang et al., 1998) , is expressed in the condensations of the fore limb bud at d12.5. Again no differences in the expression of Ihh were found comparing wt and Ft/1 limb buds.
The Gli gene family has also been shown to be involved in a-p patterning of limbs (Bu Èscher et al., 1997; Bu Èscher and Ru Èther, 1998) . In wt and Ft/1 embryos Gli1 was expressed in a gradient along the a-p axis in the limb bud mesenchyme at d11.5. Then by d12.5 it was con®ned to the mesenchymal condensations. However, Gli1 expression was lost in the most distal area of the condensations in d12.5 Ft/1 embryos. Neither Gli2 nor Gli3 expression was affected in Ft limb development (data not shown).
Hoxd11-13 and Hoxa13 are expressed in a nested fashion in the limb bud giving positional information (Rijli and Chambon, 1997) . The expression boundaries are strung out along the a-p or proximal-distal axis of the limb. Ft/1 limbs did not show any abnormal expression of these genes (data not shown).
Thus, at time points of limb development when the limb pattern is determined (before d12.0) no obvious differences in gene expression regarding a-p axis were detectable.
Loss of Fgf8 expression in the distal part of the AER
Outgrowth of the limb bud along the proximodistal (p-d) axis is considerably determined by the action of Fgf family members. Fgf10, thought to be important for initiation and growth of the limb bud by transmitting signals from the lateral plate/intermediate mesoderm to the AER, is expressed in the mesenchyme underneath the AER. No altered expression of this important marker could be observed in Ft/1 limbs (data not shown).
Fgf 4 and Fgf8 are AER markers and important signalling molecules for the interactive network of AER, ZPA and progress zone. Therefore we tested them for altered expression in Ft/1 limbs. Fgf4 was strongest expressed around d11.0 in the posterior part of the AER and then faded. At d12.0 hardly any transcripts of Fgf4 were found in the AER. No difference between wt and mutant could be found at d11.5, when Fgf4 was just faintly visible. In wt, Fgf8 was expressed in the whole AER at least up to d12.5. In Ft/1 limbs there was no difference in Fgf8 expression detectable up to d11.5. However, 9±12 h later the situation changed. In mutant limbs the expression of Fgf8 in the distal AER was completely lost. Only the lateral expression domains of Fgf8 were still present (Fig. 1A) The question occurred whether the loss of Fgf8 expression in the distal part of the AER is due to a downregulation after d11.5 or a secondary effect because of a degeneration of the AER in this region. Fig. 1B shows a sequence of sections at the border between Fgf8 expressing and non expressing cells of a d12.0 Ft/1 limb. Loss of Fgf8 expression coincided with the absence of a histologically intact AER.
2.3. Misexpression of Bmps in the anterior distal region of the Ft/1 limb at d12.0
The Bmp family members 2, 4 and 7 are expressed in the AER and the mesenchyme of the developing limb. These Bmps are suggested to mediate various functions as controlling proliferation, chondrogenesis and apoptosis. They all show complex and signi®cantly different expression patterns.
High levels of Bmp4 transcripts were seen in the posterior and anterior mesenchyme, and in the progress zone underneath the AER at d11.5. This expression persisted for at least 48 h and was later seen in the developing joints and the ventral foot pads. Slightly before d12.0 of embryonic development, when hardly any morphological differences between wt and Ft/1 are detectable, an overexpression of Bmp4 in the anterior distal region of the Ft/1 limb was recognised. During the next half day this domain of Bmp4 overexpression expanded and became strongly prominent. This domain of misexpression of Bmp4 correlates with the region of the future fusion that will be recognized as a thickening at this time point ( Fig. 2A) Mesenchymal expression of Bmp2 at d11.5 was visible in posterior regions and by d12.5 high levels of transcripts were detectable around the condensations in the interdigital web. Differences between wt and mutant were not found earlier than d12.0 when a broadened expression domain of Bmp2 in the most distal parts of the Ft/1 limb mesenchyme could be observed. At d12.5 this distal expression was gone and the prospective fusion became visible as shortened interdigital Bmp2 expression domains in Ft/1 limbs (Fig.  2B) .
Bmp7 was seen diffusely throughout the whole limb bud mesenchyme at d11.5, later the expression was concentrated around the condensations and in the interdigital mesenchyme, an area where much programmed cells death takes place. Up to d12.0 no signi®cant differences in the Bmp7 pattern between wt and Ft/1 could be observed. At d12.5 a bridging of 3 of the 4 interdigital Bmp7 domains was clearly visible (Fig. 2C) .
Consequently we have also looked for an altered expression of Bmp receptor molecules. The BmpR-1b is known to regulate chondrocyte differentiation. This Bmp receptor is ubiquitously expressed in the limb bud between d11.5 and d12.5. No difference were found comparing the BmpR expression in wt and Ft/1 limb buds (data not shown).
As Bmps belong to the TGFb superfamily, a further candidate gene of this family Tgfb 1 was investigated. It is found in ossifying bone tissues and involved in tissue removal in the interdigital space. Expressed ectopically it promotes formation of extra digits (Merino et al., 1998) . However, we were unable to detect a difference in the expression of Tgfb 1 in wt and Ft/1 limb buds (data not shown).
Thus, Bmp genes are speci®cally affected in the Ft/1 limb bud, in particular Bmp4 which is upregulated in the anterior distal part.
Downstream targets of Bmps are affected
If misexpression of the Bmps, especially that of Bmp4, was resulting in a functional protein, a downstream signalling Fig. 2 . Comparison of the expression patterns of Bmp4, Bmp2 and Bmp7 in limb buds at d11.5, d12.0 and d12.5 (spatial orientation indicated by the coordinate system). The upper row of each panel represents the Ft/1 situation, the lower row that of wild-type, the temporal order is from the left to the right. (A) Bmp4 starts to be upregulated in Ft/1 limbs at d12.0 and at d12.5 the strong misexpression in the anterior-distal part of the limb bud becomes clearly visible (see arrow). To document primarily the ectopic Bmp4 expression the Ft/1 limb was shorter incubated compared to the wt limb. Therefore, staining in the interdigital region of the Ft/1 limb is not as obvious as in wt. (B) Bmp2 is also misexpressed around d12.0 in Ft/1 limbs. A bridging of the distal interdigital expression domains can be seen. (C) Bmp7 is different in Ft/1 ®rst at d12.5 when a bridging of the interdigital domains between digits 1 to 4 is present.
cascade should be induced. Therefore, genes that are thought to be activated by Bmp were tested for altered expression.
The homeobox genes Msx1 and Msx2 are described as direct targets of Bmp action due to their tempospatial expression (Vainio et al., 1993; Watanabe and LeDouarin, 1996; Monsoro-Burq et al., 1996; Barlow and Francis-West, 1997 ) and induction studies in ES cells (Hollnagel et al., 1999) . Transcripts of both genes were found in the progress zone at the tip of developing limb (d11.5) and later on in the interdigital web. The earliest signs of alteration were detectable around d12.0 coinciding with the onset of overexpression of Bmp4. At this time point more Msx transcripts were located in the anterior distal tip of the growing limb where the fusion forms. 12h later the expression of Msx1 and 2 may re¯ect the already clearly visible morphological alterations of the mutant limb with the highest level of transcripts in the distal anterior mesoderm (Fig. 3A,B) .
Id helix-loop-helix (HLH) proteins act in a dominantnegative fashion on other HLH transcription factors, which drive cell lineage commitment and differentiation in diverse cell types. Id3 was recently shown also to be an immediate early responder to Bmp4 signalling (Hollnagel et al., 1999) . It is normally transcribed in a broad stripe of mesenchyme underneath the AER at d11.5. Later on the expression is con®ned to the interdigital web. In Ft/1 limbs at d12.0 we always found a strong misexpression in the area of the future fusion bridging the interdigital domains between prospective digits 1 to 4 (Fig. 3C) .
Thus, several genes known to be responsive on Bmp4 action are upregulated. This is a clear indication for additional functional Bmp protein.
Noggin is a direct Bmp antagonist. It probably controls cartilage development by some kind of feedback mechanism together with Bmps and was recently shown to be important in positioning the joints (Brunet et al., 1998) . Already at d11.5 noggin is slightly expressed in the forming condensations. At d12.0 the signal becomes stronger with a blurry staining distally. In contrast to the wt, a splitting of the noggin expression domains at the tips of the condensations could be observed in Ft/1 limbs at d12.5 (Fig. 3D) .This altered noggin expression overlaps with the ectopic Bmp4 expression in the anterior distal region.
Bone length and mass are reduced in adult Ft/1 limbs
The physical parameters bone length and mass were monitored in forelimbs of adult mice to elucidate the in¯u-ence of the observed molecular alterations on bone development. As expected there is no in¯uence on proximal structures such as humerus, ulna and radius. The average length and masses of these bones are comparable in wt and Ft/1 limbs. In contrast, the absolute mass of the autopod is reduced by about 10% in Ft/1 mice and the length, measured from the wrist to the most distal edge of the digits (in wt that is the tip of digit 3), is only about 60% (Table 1) . The relative moderate loss of bone mass seems to be compensated by development of additional distal bone elements. Thus, either the loss of the Fgf8 signal at d12.0 might have negatively affected proliferation of cartilage and bone precursors and/or the Bmp upregulation before d12.0 has resulted in an earlier differentiation of bone precusors leading to a reduction of bone length and mass accompanied by formation of extra bones. To differentiate between these two possibilities we quanti®ed proliferation in limb sections of wt and Ft/1 embryos by staining with the KiS1 antibody (Kreipe et al., 1993) . As shown in Fig. 4 there is no obvious difference in the number of stained nuclei in wt and mutant limbs. Thus, an early negative effect on proliferation of the mesenchyme is unlikely.
Discussion
Ft has no effect on limb patterning
Expression analysis of genes involved in early limb development indicated that none of the factors that are supposed to be essential for limb initiation and patterning is affected in Ft limb development before d12.0. This result may already be deduced from morphology and skeletal analysis as only the most distal phalangeal bones are fused (Fig. 1) . One cannot ®nally deduce from the bone stains whether all distal bones are really present in Ft/1 limbs due to the disarrangement in the region of the fusion, but it is likely that none of them is missing as all nails are present.
The earliest molecular manifestation of altered gene expression in Ft is by d12.0 slightly before the ®nal remodelling of the ®ve digits occurs. We observed an ectopic or misexpression of Bmp4 in the anteriodistal part of the limb bud and a loss of Fgf8 expression in the distal part of the AER coinciding with a loss of the typical structure of an AER. The deregulation of Bmp and the loss of Fgf8 or the disappearance of the AER as a source of Fgf8, respectively, is supporting the current model that Bmps and Fgfs somehow cooperatively do control positional information. However, from our analyses we cannot propose a regulatory hierarchy as the observed alterations occur in parallel.
Misexpressed Bmp4 initiates a signalling cascade
Due to the tempospatial expression of other factors affected in Ft, we suppose that their altered expression is Mean length a (mm) n 6 1/1 9.0 11.0 8.9 8.7 Ft/1 9.0 10.8 8.6 4.9* Mean weight b (mg) n 6 1/1 9.9 6.1 5.3 8.45 Ft/1 9.5 5.9 5.0 7.7 a For long bones the length represents the distance between epiphyseal growth plates; for the autopod the length was determined between wrist and tip of digit 3. The asterisk is marking P , 0:001 in a t-test for independent samples.
b Sum of all appropriate bones from all animals divided by n. either a consequence of the imbalance of Bmp4 and Fgf8 or due to the already altered morphology. This might be true for the other two tested Bmps, 2 and 7, the genes involved in Bmp signalling as Msx1/2 and Id3, the Bmp antagonist noggin, which is also a chondrogenic marker like Gli1. Bmps are suggested to have at least partly overlapping functions as they share the same receptors and are able to form heterodimers (Hazama et al., 1995; Liu et al., 1995) . The expression of Bmp2 and 7 shows some kind of bridging between the interdigital expression domains. The effect is relatively weak compared to the strong misexpression of Bmp4. Therefore we think that Bmp4 dominates the event in Ft and seems to be unique in its function regarding the anteriodistal alterations of the Ft/1 limb. It was recently shown that double heterozygotes for Bmp4 and Bmp7 null alleles have defects in the anteriodistal region during limb development (Katagiri et al., 1998) further indicating that the combined function of at least these Bmps is essential in this special region during limb development.
Msx1 and Msx2 are homeobox transcription factors and are described as immediate early responders to Bmp4 signalling (Hollnagel et al., 1999) . Their pattern in Ft/1 limbs re¯ects exactly that of Bmp4 supporting the idea that Bmp4 is indeed inducing a signalling cascade and thus responsible for all the events leading to the Ft phenotype. Id3 belongs to a family of dominant negative regulators of bHLH proteins that are implicated in cell cycle regulation and differentiation . This gene is also responding to Bmp signalling (Hollnagel et al., 1999) and is even earlier affected than the other two Bmp targets. This ®nding suggests a reprogramming of the mesenchymal cells in the anteriodistal region.
Noggin is not only important for chondrogenesis it is also a negative regulator of Bmps as it is able to directly bind to those proteins thereby inhibiting their function (Zimmermann et al., 1996; Hirsinger et al., 1997; Marcelle et al., 1997; Brunet et al., 1998; McMahon et al., 1998; Merino et al., 1998) . There may also be a feedback loop between noggin and Bmp in preventing abnormally large cartilages (Brunet et al., 1998) but no obvious upregulation is seen in Ft/1 limb buds. The noggin stainings in Ft/1 clearly reveal a splitting of the condensations at the tip of the affected digits early on in chondrogenesis. Recently, it was demonstrated by misexpression of noggin that Bmps negatively regulate Fgf expression and AER function (Pizette and Niswander, 1999) . According to these results one function of Bmp action during limb development would be to limit limb outgrowth by promoting AER regression. This model ®ts well for the Ft/1 limbs as we see that an upregulation of Bmp coincides with loss of Fgf8 expression and loss of AER morphology. It is hard to conclude from the noggin stainings whether the upregulation of Bmp4 in Ft/1 limbs did coincide with a downregulation of noggin, as one would deduce from this model. The noggin staining at d12.0 was mainly con®ned to the condensations. The difference between Ft/1 and wt was restricted to a more blurry staining in Ft/1 limbs at the tips of the condensations that could be indicative for an impaired expression.
3.3. Altered bone parameters in adult Ft/1 limbs are not due to altered proliferation From d12.5 onwards the morphological alterations of the Ft/1 limbs can be clearly recognised as a thickening of the distal edge of the limb apart from the posterior region that is not affected by the fusion. One might expect from this morphology that the proliferation is in¯uenced in the mutant limbs but the staining for proliferating cells revealed no difference between wt and Ft/1 (Fig. 4) . As others have shown, overexpression of Bmp2 or Bmp4 in chicken limbs leads to a dramatic increase in the volume of cartilage elements, altered shapes and joint fusions. However, this does not appear to be due to increased proliferation . The developing thickening could thus be explained by an arrest in distal outgrowth and a redirectioning into dorsoventral growth with normal proliferation rates. However, the bone mass in limbs from adult Ft/1 mice is not increased as one could speculate from the altered morphology in combination with strong misexpression of a bone inducing factor. In contrast, we found a reduction of bone mass, most likely caused by a new balance between proliferation, differentiation and apoptotic events in this area of disarranged identity.
Molecular basis of the Ft mutation
This study places the Ft mutation upstream of Bmp4 and Fgf8, genes essential for normal limb development. Thus, identi®cation of gene(s) mutated in Ft could lead to molecules involved in controlling the interaction of Bmp4 and Fgf8. Up to now, we have found a deletion of several hundred kb at the Ft locus. Furthermore, four genes have been detected to be affected by the mutation (Ausmeier, Peters and Ru Èther, unpublished) . Functional analysis of these novel sequences will unravel their contribution to limb and brain development and establishment of L-Rasymmetry processes which are affected either in heteroor homozygous Ft embryos (van der Hoeven et al., 1994) .
Experimental procedures
Animals and genotyping
The Fused toes mouse was generated by transgene integration into F2(C57BL/6 £ SJL) embryos (van der Hoeven et al., 1994) . Ft mutants were subsequently backcrossed to C57BL/6 for more than 20 generations. Embryos were genotyped by removing the extra-embryonic membranes for DNA preparation and subsequent PCR (primer: common: CTGAAAGGTTGTACTGAGCC; wildtype: GTGGAACCCTTCTGTACATG; Ft: GTCCTTTCTCCA-TGGGTATG).
In situ hybridization, bone staining and immunohistochemistry
The in situ hybridizations were done according to Heymer et al. (1997) with additional steps. Following ®xa-tion of the embryos in 4% paraformaldehyde, the embryos were processed ®rst through 50% methanol for 15±30 min, then to 100% methanol for at least overnight at 2208C. After reprocessing through 50% methanol, the embryos were bleached in 3% Peroxid/PBS, washed 3 times for 5 min in PBS and stored in hybridisation mix. The cartilage/bone staining was performed according to Kaufman (1992) , and the immunhistochemistry with the KiS1 antibody according to Kreipe et al. (1993) .
Bone parameters
Forelimbs of adult mice were dissected and as much as possible of the coat was removed. The limbs then underwent the bone staining procedure. Afterwards the stained limbs were photographed and the bone length was determined with a ruler. Humerus, ulna, radius and the autopod were separated and the connecting tissue was removed manually. The appropriate bones were collected and the remaining soft tissue was removed by overnight incubation in 30% KOH. After several washes in H 2 O, the cleaned bones were dehydrated in 96% Ethanol and dried at 508C overnight followed by the determination of the mass by means of a ®ne scale. The mass is given in mg per bone or mg per autopod, respectively.
